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ABSTRACT

Greenelacey, M.S., May 2010, Wildlife Biology
Shortterm effects of wildfire on Sierra Nevhigdornsheephabitat ecology
Advisor Mark Hebblewhite, Ph.D.

Committee: Tom Stephenson Ph.D., Kerngdfoan Ph.D., PaR. Krausman, Ph.D.

We studied changesvegetatiorand habitat selection egdangered Sierra Nevada bighorn
sheep@vis candensis sieeraafter Sierra bighofo) 2 yeardollowingwildfireon winter
ranges in eastern CaliforNige hypothesized thatldfire would change both forage
avalability and predation riskreen forage biomags Sierra bighorwinter ranges
rebounded quickly from wildfire. WitlRigeargreerforage biomass was equal in burned
and unburned areas, although total forage biomass was greater in unburnedseas. Plan
the burn ha@%greater crude protelut equivalent digestibility and phenolbgsage
composition in burned areas was forb dominated compared with unburrtbdtaveees
shrub dominated. Visibilitg measure of predation risk, was 9% gredemied areas at a

5 m radii compared with unburned afdéesfound no change in feoétogenbetween

Sierra bighorn in burned and unburned areas but there wamagjfigtr cet composition

of forbs in the burrWe evaluated Sierra bighorn resosetection using seasonal resource
selection functiorthat includedpatiotemporahodelsof foragebiomassand spatial

models of predation risk by coug&@ema congotbe main predator of Sierra bighdnn

the first year postildfire, Sierra bighorn increased selection for new growth herbaceous
biomass in response to the redumechassaused by wildfire. While wildfire initially
reduced total forage biomdsalso created pockets of the highest ndwbiomass in areas
of high cougar use. These pockets attracted Sierra bighorn causing an increase in overlap
with cougars in winter 20@erra bighorn showed consistent selectionnedreescape
terrain and remained closer to escape terrain infanegs@ugar use compared to areas
with low cougar usBy spring 2008 and winter and spring of Zl6@a bighorstrongly
seleatdtotalforagebiomassvhere cougar use was low and in areas of high cougar use,
Sierra bighoravoidedotal forage biomasAs a resulierra bighorn overlap with cougar
use waseducedWeadvisananagement to consider the effects of fire on both forage
availabilityand predatiowhen implementing prescribed bumbenefit ungulates
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CHAPTER 1 OVERVIEW
0The Sierra Nevada Mountain Sheep was a ha
alpine conditions foundomg the crest of the Sierras, and would be there in numbers today

had it received any reasonabl e considerat.i

- Joseph Grinnell and Tracy Irwin Stpferimal Life in the Yosemite924

This research was motivate@ssistecovey of endangered Sierra Nevaigornsheep
(Ovis canadesisigabereafter Sierra bighor@pncern for Sierra bighdiirst prompted
legislative action k88 when Californidegally protected bighorn from huntfblg S. Fish
and Wildlife Service 200W}hile there was likely heavy hunting pressure from gold miners,
hunting regulations failedgootectSierra bighorn. Diseases spread from domestic livestock
wele another important factoausing furtheteclines irSierra bighor(Wehausen et al.
1987)Despite livestock reductions that started in the 1930®arlyeliminated grazing
conflicts by the 1960s, Sierra bighorrdfé&dleecover their population size and distribution
(Wehausen et al. 198Meir historic range spanned 250km of the Sierra Nevada, but by
1979 all remaining Sierra bighorn were clustea&@km stretch and the population was
estimated at 3q@Vehausen 1980he California Department of Fish and GaGiaHG)
responded to the diminished Sierra bighorn distribution by implementing a tamslocati
program in the I® (U. S. Fish and Wildlife Service 200i@nslocation was considered
the only way to restore Sierra bighorn to previously occupied areas because bighorn are
philopatric andlowcolonizes of new habitafGeist 1971, Valdez and Krausman 1999)
Translocated populatiomdtiallyincreased, but by the riil90s the overall popudati
estimate dropped to 100. S. Fish and Wildlife Service 20Biéyra bighorn qualified for
emergency listinghderthe endangered spe@etin 1999 as a distinct population segment
and permanent listifigllowed in 200QU. S. Fish and Wildlife Service 2@@d)are
currently recognized a distinct subsp@diebausen and Stephenson 2005)

The primary factors currently limiting Sierra bighorn recovery include disease,

predation, low population size and limited distribution, loss of genetic diversity due to small



population sizes and inadequate connectivity, and the availability of ogigk) h8biEish
and Wildlife Service 200X)joint federaktaterecovery team @urrentlyinvestigating
management options within each of these catefewest researan the founding and
translocated hes has concludedatpredation by cougaf@uma concpisthe proximate
limiting factor fosomeherds(Johnson et al. 201@Jthough predation may interact with
the availability of @m habitaFor c¢cl ar i fi cation, here we are
of habitathatrepresentthe overall landcover or vegetation type that exists in space, within
which resources are sele¢téatto 1985, Gaillard et al. 201Dpen habitat is thought to be
important for alSierra bighorherds becausepitovides foraging opportunities in areas of
high visibilityVisibility ismportant to bighorn sheep because they rely on vigilance
behavior to avoid predation, preferringnopeeas near escapeain thatllows them to
visually detect and flee from predators (Geist 1971, Berger 1978, Risenhoover and Bailey
1985) Therefore, our study focuasen the loss of open habitat and its role in promoting
Sierra bighorn recovery.

Unlike most endangered species, the historic range of Sierra bighorn is relatively
intact and protectddom human disturban¢e. S. Fish and Wildlife Service 2007)
Howeverppen habitats have begetlining besuse o&ingleleafpifionpine(Pinus
monophylencroachmergince Europeans arrived in the 1§B0swell 1999, Gruell 2001,
Miller and Tausch 2001, Weisberg et al. 2007, Romme et alh20d9@asion of pifion
includes expansion of overall area and increased canopy cover within existent forests
(Romme et aR009) The cause of this invasion has not been clearly identifiag but
common myth of fire suppression has been refBtder and Shinneman 2004, Romme et
al. 2009)It is more likely that climatecreased carbatioxide CQ (Johnson et al. 1993)
livestock grazin@urwell 1999nd interactions betweemskfactors have drivarifion
invasionRomme et al. 2009pifoninvasion has occurred in lower elevation raG{Fs3
Bishop officeunpublished dat#&)atSierra bighorn use in winter and early spring
(Wehausen 198€ausing decreases in forggeold et al. 1964nd visibility.

The Serra bighorn recovery plan identifies prescribed fires as a posdible tool
combat pifion encroachment with prescribed(fireS. Fish and Wildlife Service 2007)
Prescribed firearethe most cosgeffective way to reducéipn and juniperJuniperspp.)

invasion(Aro 1971However , otherreported it is often difficuld use prescribdie to
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combat pifion invasion, because pifion forests can be difficult {dimaid et al. 1964,
Bruner and Klebenow 1978)iccessful prescribed fires tend to be performed when weather
conditions encourage the spreadre{é.g. high wind and high temperature) but prescribed
fires under these conditions also have the greatest risk o{&scap&1, Bruner and
Klebenow 1979Whenpifion and juniper are removeeg@rdless of the mechanisimgre

is a dramatic increasénarbaceouf®rage productiofArnold et al. 1964yvhichhas
translatednto increased livestock product{gno 1971) In contrast, Terrel and Spillet
(1975)eportedpifion and juniper reoval had no effect on mule dg@docoileus hemionus
Utahbecause mule deer are-sudcession specialistewever Terrel and Spille(L975)
postulated that the effect ofiph and juniper removal may be different for graagchk as
bighorn sheepJnfortunately, there is mirectinformation about the effect of pifion

juniper removal on hgrn sheep.

In order to gain a better understanding of the effect of fire on Sierra bighorn, we
took advantage the recent Seven Oaks wildfire near Independence, California. (The pronoun
we is used in this document to represent the collaboration thadebecnong Stephenson,
Hebblewhite and mdh chapter2 we quantified seasonal differences in forage quantity and
guality between burned and unburnedfsit® years afteihe Seven Oaksildfire We
incorporated our ground sampling based models of fotageseries of seasonal resource
selection functiona Chapter 3 to quantihow Sierra bighorn used resources and how the
distribution of available resources affected the amount of overlap betnebigBon
andcougas. The pronoun we is usedlis document to represent the strong collaboration
that occurred between the threeaathors myself, Tom Stephenson and Mark
Hebblewhite.

We hope this thesis contributes to Sierra bighorn recovery. It is disheartening that
despite a long history ofopection, Sierra bighorn atél on the brink of extinction.

Historyhas clearly shown liew the limiting factors of Sierra bighorn can overlap and
disguise each oth&ierra bighorn recovery is challenging because the limiting factors
interact and¢hange with timeAs we continue tstrive forSierra bighorrecoveryit seems
most wise to approach the problem from multiple angles and consider not only what the
limiting factor is right now but also lay the groundwork to make it easier to idemtidy limit

factors as thegre uncoveredhangeand interaawith each othan the futureWe tried to
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be comprehensive in our evaluation of the effect of wildfire on Sierra bighorn by
incorporating multiple measures of forage and predation with the hepeertiight
contribute tamaximize the effectiveness and minimizeateynded consequencesutfire
prescribed burns.
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CHAPTER 2: SHORT-TERM EFFECTS OF WILDFIRE ON THE WINTER
RANGE OF SIERRA NEVADA BIGHORN SHEEP

Introduction

Fire has multiple indirect effectsumgulatethrough its direct effect megetationFire
affects forage quantity, quality and species compasitiovegetain structurethataffects
behavior and predation rigkook et al. 1994, Fisher and Wilkinson 2005, Sachro et al.
2005) The variation in plant resposge fireand thevaried relationships between forage
guanity, quality and visibilitpakes it difficult to predict the effect of fire on ungulates
The Seven Oaks wildfire provided the opportunity to evaluate the effect of wildfire on
endangered Sierra Nevada bighorn skieap ¢anadensis $ieremfter Siea bighorn). Due
to the limited distriltion of Sierra bighorn and fire on #sestern slopes of the Sierra
Nevadathis is the first time a large natural fire has occurred within the winter range of
Sierra bighoriWe were interested iavaluating angredicting the effect éife on
endangere8ierrabighornbecause tlrerecovery plarecommendprescribed burning to
enhance winter rangest are facing encroachment by pifion plimei§ monophyls.
Fish and Wildlife Service 20@@spite the pential importance of fire to Sierra bighorn,
there are no specific studies on the effects of fire on Sierra bighorn to guide recovery
actons. Therefore dfore implementing a series of prescribed burns, we investigated the
effects of a natural wildfire determine the sherérm effects of wildfire on forage quality,
quantity and visibility

In response to fire, forage quantity, or biomass, initially decreases but then quickly
rebounds and often increases beyond the amount of forage in unburn8tr@neas.
followed this pattern after wildfire in the Upper Selway River in Idaho where shrub biomass
in burned areas exceeded that of unburned areas by the third growing season post fire
(Merrill et al. 1982)in BanffNational Park, Sachro et(@D05)uantified increases in
herbaceous biomass within burned coniferous forests that persigyegifsrafter burning,
while shrub domated communities either had a decrease or no change in herbaceous
biomass as a result of burning. In a study on the effects of fire iraedseagebrush
steppe ecosystem, Cook efl®94¥ound total new growth biomass was greater in burned

areas compared with control sites after three years. In, eneirag increases biomass but
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the duration of this increase is variable and @dfgendent on the plairn conditions
(Arnold et al. 1964)

Digestibility and crude protein are important components of foragetiaiatdan
also change following firéXostfire vegetation sometimes has higher protein thafirere
vegetatioms aresult ofincreased soil nitrate concentrat{@iwistensen 1973, Boerner
1982) although the duration of nutrient bersfly varyBoerner 1982, Seastedt et al. 1991)
DeWitt and Derkp (1955documented an increase in crude protemoid browse species
that persisted fdryear after a low intensity fire andXgears after a high intensity iire
MarylandOther studies failed to detect differes in forage quality between burned and
unburned sites. Seip and Bun(®&885a, 1985b¢portedno difference in protein or
digestibility in burned andOvis dab stgneiteed wii
northern Rocky Mountains although they
within the las® years , whereas nutrient flushes tend to beeshroduratior{Boerner
1982) For example, Van Dyke and Darrég®07)Xdocumented forage qginaincreased for
2 years after prescribed burning in sagelfutEmesspp) communities in Montana but
when they r@isited site&0years after burning, there was no maintained increase in
nitrogenln general, plants that are older or have tameisss digestible because lignin
and plant defenses negatively affect diges{éitySoest 1994kires may also cause
phenological diffences in plants where burned areas tend teupesnlie(Hobbs and
Spowart 1984, Seip and Bunnell 19&Shijting in earlier availability of high quality forage
(DeWitt and Derby 1955, Seip and Bunnell 1985a)

In addition to forage qualiyngulataediet composition is important in determining
dietqualitywhich may also change following fixet composition is determined by diet
selection and the composition of available specéestudyn dietselection, Hobbs and
Spowar{198!)found diet composition played a much larger role than forage quality in
determining overall diet quality with tame bigl@rafadensiand mule dee©flocoileus
hemionus the Front Rangs the RockyMountainsColorado. Diet quality in burhad
higher crude protein and digestibility but only a small portion of this change was due to
specific increases in crude protein and digestibility within species. Diet composition is
determined by diet selectenmdthe composition of available spedesswith the effect of

fire on biomass, changes in species composition depend orbilma pegetation
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community. Cook et §lL994yeportedthe community composition in burned areas had
higher grass biomass while forbs remained similar to unburned conditions. Merrill et al.
(1980)Yocumented a shift in the balance of production toward increased forbs but also
increased annual grasses, specificatlyativecheat grag®romus tectorimburrs. In the
semiarideastern Sierra Nevada, pirg regeneration was exaaainwith Jeffrey pin@inus
jeffreystands after the Donner fire in 19BOck et al. 1978 fter twenty years at this site,
the burned Jeffrey pine community stdislominated by shrsi§Bock et al. 1978 this
way, burningnduced changed in species composition may in turdaragsem increases
in foragebiomass

Firealsoaffects forage and vegetation structure, which in turn affects visibility.
Visibility is important for bighorn sheep because they rely on vigilance behavior to avoid
predation, preferring open areas near escape terrain, which allows them to visaalty detect
flee from predator@Geist 1971, Berger 1978, Risenhoover and BaileyFli@8§¢nerally
results in increased visigi{Bentz and Woodard 1988, Smith et al. E3®@ugh this may
vary with fire intensifpeCesare and Pletscher 2004hin historic and occupied bighorn
ranges in Colorado, Wake($887found vegetation classthat had higher visibility were
more prevalent in occupied ranges compared with abandoned ranges and argued that shrub
and forest encroachment were degrading bighorn habitat.

We evaluated the effects of fire on Sierra bighorn to test the opetaksig/that
fire will increase forage biomass, enhance nutnidimcreaseisibility We predicted that
the 2007 wildfire in the east&@rraNevadawill initially decrease new grotbreafter
green¥orage biomass, but that within thgears of this studgreerbiomass in burned
areas will surpass that in unburned ahasalso predietithat forage quality will be greater
in burned areas becausa altrient fluxearlier greenup, and charigderage class (grass,
forb and shrub)ampositionln addition we predi@dthatvisibility will be higher in
burned areas. We tested these predictions by quantifying changes in forageraqigantity,
quality andvisibilitybetween burned and unburned areas. Weexisstsive ground
samplingo build predictive models of shtgtm changes forage biomagsfrage class
compositiorand visibilityFinally, v hypothesizkthatthese changes in forage availability
will lead to increased diet quality for Sierra bigihtaiestedhis hypothes by comparing

2 indicates of diet qualitgfecalnitrogenand diet amposition estimated from
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micrahistological analysé®@tweer? Sierra bighorn herds with contrasting amounts of
burned available habitat.

Study Area
Our study area focused on 8ierra bighorwinter ranges of the Mt. Baxter and Sawmill
Canyon herds located in the eastern Sierra NegadéndependendgaliforniaFigure 2
1). In July 2007, the Seven Oaks wildfire burned 67% of tBair winter range
including all of thiowest elevation aremsd 11% of the adjacent Sawmill Canyon winter
range Figure2-1). Thes@ herds played an important role in the recovery of Sierra bighorn
because they are the largest of all relict populations and they were the main source for
trangocationaused taestoe Sierrébighorn to their historic randdostSierra bighorn in
these herds migrate seasonally, spending summer high in tie3@lipre)and winter at
lower elevatiorthatprovide snow free foraging areas with early exposjment greenup.
TheMt. Baxter and Sawmill Canyon winter ranges are part of the Inyo National Forest and
their prefire vegetatiowas dominated with 87% sagebrush gdfubz and Keck 19%
and also included 2pdion woodlandsRinus monopiiilanz and Keck 195@hd 9% cliffs
(slope >100%)Common grasses includédhnatherwspp, Bromuspp andPoaspp
Winter ranges had a large variety of forbs inclhdémgzelisp.,Phacelspp, Dichelostemma
sp.,Galiunsp.,Eriogonuspp, Tausche&p.,Lupinspp andLinanthuspp Shrub genera
includederiogonuspp, Ephedrspp, Prunusp.,Ceanothsgp, Purshiapp, Chrysothamnus
spp, Artemesspp, Lupinsp. andCercocarppsTotal precipitation recorded from the
nearest weather station in Independence, Califorfi@biarary through May was 20mm
2008 and9mm2009and the long term average was 23tdrs. (National Weather Service,
Western Regional Climate Center http://vehdedu/). Monthly mean temperatures in
2008 wer&eb = 8C, March = 12°C, April = 16°C and May = 20°C; in Zo€i9= 7C,
March = 11°C, April = 15°C and May = 24°C (U.S. National Weather Service, Western
Regional Climate Center http://wrcc.dri.edufnger term averageean temperatures
wereFebruary = 8C (SE = 0.9)March =11°C (SE = 2.1), April = 1% (SE = 1.4) and
May = 22C (SE =1.3)
We delineated each herdds winter range
GPS collar locatiom®llectedduring the study period and buffered by 500m and elevation
cutoffs at 400m and B0OOm Figure2-1). The Sawmill Canyon herd winter range was 1.2
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times larger than the Mt. Baxter Herd winter range aBdhéndsoverlapped by
approximately 25%. The el@on distribution and mean wemilarbetween the Mt.
Baxter and Sawmill Canyon herds but the aspect distribution diifgrd e Mt.
Baxter winter range testtinore to thesoutheast and the Sawmill Canyon winter range
tendedmore to thenortheag but both were dominatég eastfacing terrain. The Mt.
Baxter winter range aspect was 8&8ty 23%southeast, 19%ortheast, 9%orth, 8%
south, and <5% facing toward twest. Within the Sawmill Canyon winter range the
distribution of aspegtas 31%east, 29%northeast, 15%outheast, 14%orth, 5%south
and again roughly 5% toward west.

Methods
Wecombined field sampling of vegetation resgdokbewing fireinto a suite of vegetation
models to quantify the magnitude and duration of cheaugged by wildfire on the
landscapé&Ve used a model based approach to account for differences in aspect between
herdsWe modeled changes in green growth biomasgétatiortlassi(e.grass, forb,
shrub) as well as visibility. All models were biny data from extensive ground sampling.
We evaluated changes in forage qbglityeasurindigestibility and crude proteind in
addition tested for changes in phenadlbgtican impact forage qualityan Soest 1994)
To determine thpotential populatiormpact ofourninducedvegetation changes on Sierra
bighorn we use@fecal indices of diet quality: fecal nitrogen and diet compasition v

microhistological analysis.

Forage Biomass

The goal of ouvegetatiosampling was to quantify differences in forage biomass between
burned and unburned sité¢ggetation sites were located with a stratified, systematic and
semirandom sampling desifitrebs 1989)Sites were stratified based on elevation, aspect,
land cover type, slope, and burn status categories. For efficiency, sites were placed
systematically along transécim 1,500m b 2500m every 150m efevation change (6

sites/ t ranseqgt Once the targeteslation was reached, the center of each ssiteplas

located using a random bearing and direction. Transects were located systematically every
kilometer and tended west due to the extremely rugged terrain on eastern slopes of the
Sierra Nevada, routes were generally selected based on feasibility. Each site ®as sampled
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times a year f@years to record early, mid and ggakrbiomass. Vegetation sampling
began in midFebruary and lasted an average of 20 days with an average of 21 days in
betweersamplingbouts.Sampling duts roughly coincided with March, April and May.
Sites were added as time allowed each month so tledfirist §rear there were 21, 48 and
51 sites sampled per mgmigspectiveland in the second year there were 51, 69 and 69
sites sampled each mant#spectivel\Eighteen sites were added in the second year based
on a proportional allocation of effarbiin the variance within strata measured in the first
yearn(Krebs 1989)

Each ample site consisted of eight?plots laid out in a cross formation with
each plot 5m or 10m away from theteepoint with or perpendicular to the fall line. The
corners of plots were marked with nails so they could be relocated and photos were taken of
every plot at every site viéit.each site we recorded the elevation, slope and @sthewt.
each plot wesed nordestructive doubleamplingn each ploto repeatedly estimate
herbaceous biomass by genus in each plot througBdnt&m 1989, Elzinga et al. 1998)
For each genus within a plotviguallyestimated the perstage of new growth and the
percentage flowering. Ratio estimators were calculated for each obs&)yerear and
vegetatiomlassi(e.,grass, forkand sukshrub) to convert field estimates to wet weights.
We defined subhrubs as small statured woody plantK@cgielksp, Phloxpp.,
Monardel&p, Galiunsp, Linanthuspp) thatwere inappropriate to lump with biomass
estimation ofarger shrubg\fter using sutshrub specific ratio estimatorstmvert sub
shrub estimatde dry weightsubshrub biomassasincluded into the forbategory
Conversin rates (slope of the ratioiesttor) varied from 0.83 to 0.93. Nearby plots were
clipped to build foragelass specific regression equationswecowet estimates to dry
weights; conversion rates from wet to dry ranged from 0.79 to 0.92. Samples were dried at
100°C to a constant weight. Missing biomass estimates comprised <1% of all data and <3%
of data within any given forage classveere eshated with specispecific multiple linear
regressions based on percent cover and perceacheanfirmed with field photos of
each plot.

We implemented the comparative yield mgtdagdock and Shaw 19%pbtain
a coarse estimate of total dry shrub biomass. Matrah@d005)ysuccessfully estimated

shrub foragéiomass available to mule de#i this categorical ddelsampling technique
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in an arickcosystenVe dried samples from 24 cédplots (6 of each biomass category) at
100°C to a constant weight to develop a regression model that would convert categorical
values into estimates of dry grarhe. initial relationship betwd@nmassategory and

grams of dry green biomass waexpetedlyweak (R= 0.04). We uncovered an inverse
relationship betwedriomass category and dry green biofoabsish lupinl{upinusp) in

which larger bush lupattually had lower amounts of dry green bidneassise of plant
architectureTherefore, & removed lupin from our statistical analysis beceussrét

within thestudyareaand this greatly improved our model fitR.40).

Wetesedthe hypothesis thgteerforage biomass was initially lower in burned
areasand then rebounded withryearsby developing set of linear mixed models from
ground biomasstasatesausing Statd0.0(StataCorp 200@nd R2.10.1(R Development
Core Team 2005)Ve used univariate analysis to identify significant predicatiesari
including land cover clags.(shrub, forest, and herbaceous), elevation, slope, aspect and
time (.e.,year, Julian date, month) variables. Aspect was transformed into a continuous
variable using a modi f i €d02methodsbytakmg of Cus hm
cos(aspect + 35). While southvesgtects are usually the warpwégtinour study area,
southeast is the most sunny and exposed aspect. By adding 35, southeast aspects had a value
of 1 and northeast aspects had a valie &fl significant, uncorrelated variables were
enterednto a fullbiomassnodelfor each vegetationmmponent; grass, forb, shrub and
total biomassNVe used backwards manual stepwise regression to remove insignificant
variables until all variables maintained ihitmeassnodel were significant. Variables were
screened for collinearity and relevantaotems andonlinear relationships (through the
use of quadratics, X +)Xvere investigatethd top models weselectethased on a
combination of biological relevance and @&l@mer and Lemeshow 2Q0)e predictive
capacity of top models was estimated with a manual calculation of the coefficient of
determination by regressing observed to expected values (hefeaidito as within

sample B.

Forage Quality
We measurezicomponents of forage quality: digestibility via in vitro dry matter digestibility
(IVDMD) and crude proteifVan Soest 1994YDMD was estimated using rumen fluid
from domestic sheep followingethods offilley and Terr¢1963)Samples of trage
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species were collected u@ tones throughout the growing season f2atfferent
elevations within burned and unburned areas. Each plant sample was a composite of new
green growth from ~5 pl&s) as availability allowed. Samples were intended to mimic
foraging bites and therefore included both leaves and stems clipped to similar diameters as
observed foraged specié also includegisamples of old growikchnatherwspp, a
dominant foragepeciegWehausen 1980, Schroeder et al. In Pressiantify the
magnitude of difference between old and new grSanites were dried at 60°C for 24
hours and analyzed for IVDMD aadide proteirat the Wildlife Habitat Nutrition
Laboratory in Washington State University in Pullman, Washiwgtased a simple
ANOVA to test for differences betweamide protein and IVDMDbetween burned and
unburned sites. To further quantify how much forage guadiriven by elevation,
month, year since burning and interactions of these variables, we also developed a linear
mixedmodel with species as the migffdct(N = 124, generld = 8). Our model building
and fitting techniques were similar to those outlined above for biomass.

To measurpotential phenological differences caused by theWmidocumented
the percent flowering of four target gereuashiapp.,Dichelostenspp. Achnatherwspp.,
andMentzeilisppat each of the vegetation sites in May in 2008 and’'B668.species
were selected because they were common throughout the study area and we had informally
observed Sierra bighorn foraging on tMémused a geralizedinearmodel to test for
differences in flowering time between burned and unburned sites. If phenology was ahead
in the burn we would expect burn to be a significant predictor variable of percent flowering.

Diet Quality and Composition
Wetestd our hypothesis that burns influenced diet quality and compbgitomparing
the fecal nitrogen and diet of tharne@Mt. Baxter herd (67% wfinter rang®urned)
wi t h t h e Sa@wmilhcanyan hesdd 8 %ohter rangbdurned). We used fecal
nitrogen asraindex of diet quality from fecal samples collected opportunistically throughout
winter rangd-ecal nitrogen is a highly debated forage qualityHwlehs 1987, Leslie and
Starkey 1987, Robbins et al. 1987, Wehausen 1992, Brown et al. 1995, Blanchard et al. 2003,
Leslie et al. 200&)oweverfor bighorn sheep, #ometimes depidisng term trends in
nutrition over time within a populatifreslie et al. 200&ecal samples were air dried and
analyzed for nitrogen on an organic cortasig\Wehausen 19940 the Wildlife Habitat
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Nutrition Laboratory at Washington State University in Pullman, Washington. In, addition
subset oB8samples received microhistological analysisgetarg level with 25 views /

slide and 4 slidd sampl¢to determine diet compositidifferences between burned and
unburned area¥Ve tested for differences in fecal nitrogen and diet composition between
the Mt. Baxter and Sawmill Canyon herds using ANOVA fonigogenand multiple

linear regessions for diet composition. Our response variable for diet composition was the
percentage of each forage classyfass, forb and shrub) in the diet and the predictor
variables were herd, year, month, and relevant interactions. We found asfpriaatian

did not improve residual distribution so we did not transform the data to make coefficients
easier to interpret. We used univariate analysis to identify significant predictor variables and
included all significant variables or interactiong imaalels. Model fit was evaluated with

the coefficient of determination.

Visibility

Horizontal visibility was measured at all 69 vegetation sites usinghiaé stathod

(Collins and Becker 20@t )distances of 5 and 15%m. observer watlda complete circle

arourd a tennis ball on a 1m tall stighd at the center of the siggstematically stopping

and crouching down to 1m to determine whether the teaigesible, obscured by

vegetation or obscured by rde&rcent covewsas calculated as the number of iooat

where the target is obscured divided by the total number of locations around the circle. We
assumed visibility did not change durin@ ylear study period because all documented
vegetation growth was < 1m. To @mst hypothesis that visibility wewer in burned

compared to usurned sitesve used a linear regression model with predictor variables
elevation, land cover classpect and terrain ruggednEksvation, land cover class and

aspect were measured in the field. Terrain ruggedness was calculated from USGS 10m digital
elevation models with an extension developed by Sappingt(@086dbr use in ArcGIS

9.3 (Environmental Systems Research Institute, Ca)iftiris recommended that

percentage date be angular (arcsin square root) transformed but we found this to be
unnecessary because it resulted in a negligible increase in the coefficient of determination,

failed to improve residual distribution and mad#icients difficult to interpret.
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Results

Forage Biomass

The biomass ajreerforage generaltiecreased with elevation and increased with month,
year, and aspeuathilethe effects of burn were complicated by interactions between month
and yeafTable2-1). The quadratiof elevation was significamgrass and shrub models
indicatinggreerbiomass was greatest at intermediate elevations. Two interactions were
significant: burn x year and elevation x month. The burn x year interaction edaresent
increase in biomass between years in burned areas while biomass remained steady in
unburned areas. At the lowest elevations some sites reached the peak of new grass growth in
April instead of May which is represented by the elevation by month interaeto@st Th
performing model was for new forb growth (Wakd 526 within sample R0.42)

followed by new shrub growth (Wafd:= 353 within sample R0.27) and new grass

growth (Walg;* = 172 within sample R0.15.

Mixed model$or forage biomasgere simplified to a generalized linear format to
enable pradtion. Based obiomassnodel predictions several trends were detected-n post
fire forageKigure2-2 and 23). In general, our models predidteatgreerbiomass in
burned areas caught uphwinburned areas by the second yeaffip@stVithin unburned
areasshrubs dominated totgleerbiomass and within burned areas, forbs dominated total
greerbiomassThe 2 nortnativegererapresentBromuspp.(cheat grass and red brome)
andErodiungp. (filareeshowed no change in abundance between burned and unburned
sample site®E 0.23 forBromuspp; P = 0.13 forErodiunsp). We applied predictive
models to the specific landscapes of the Mt. Baxter and Sawmill Canyon winter ranges and
to determine the total pegéeerbiomass of each herd (Tabi®). After adjusting for size
differences between winter ranges, we deterthat¢ite Sawmill Canyon winter range had
moregreerbiomass in the first year post wildfire but by the second year the Mt. Baxter

winter range provided mayeserbiomass per square meter (Takp
Forage Quality

Crude protein was higher in plantsiflaurned than unburned sitBls< 144,P = 0.008),
in contrast to IVDMD which did not differ be#en burned and unburned sités=144,P
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= 0.65). Across forage classes, crude protein decreased with month and increased with
elevation and year (TaBi8). An interaction between elevation and burn was significant in
a linear mixed model with species as the random effect and predictor variables elevation,
burn status, month and ye@igure 24). Within the burn, crude protein levels increased

with elevationvhile there was no effect of elevation outside the buoontrastnone of

our predictor variables had significant relatioswittip [VDMD.

Furthermore, @ found no evidence to suggest the wildfire induced a change in
phenologyBurn was aimsignificant variable in generalized linear models of percent
flowering in May across 4 targetegai®urshiapp. Dichelostenspp. Achnatherwspp.,
andMentzeilispp. There was ndifferencan phenology between burned and unburned
sitesOur daadid provide support for the general predictionsaof Soes1982)forbs
had the greatest crude protein and IVDMD followed byegrasd then shru@sable 24).

With a smalkubsample we found old growdichnatherwspp. had three times less crude
protein than new growth and a ~20% reduction in IVO[Vi&ble 24).

Diet Quality and Composition
Therewasno effect of the wildfire on fecal nitrodgeween the burned Mt. Baxter herd
and unburned Sawmill canyon hé@idds 0.55,N =89Figure 25). Based on
microhistological analysagerag&ierra bighorn diets consisted mostly of grasses (50%),
followed byshrubs (38%) and forbs (10%s 38; Appendix 2A), but this composition
varied with time and by heriet composition of forage classes changed with month and
year and differed between the Mt. BaatdrSawmill Canyon hertis<{ 38, Table2-5).
The sigificant burn by month and burn by year interactions in the forb modetimaean
forb consumption increased with month and year within the Mt. Baxter herd but remained
unchanged and at lower values in the Sawmill Canyon herd. The Mt. Baxter herd consumed
10% less grasand more forbs, especially during the late shanghe Sawmill Canyon
herd. Shrub consumption in the Mt. Baxter herd decreased with month while shrub
consumption in the Sawmill Canyon herd was more consistent acrossAnth&lgens
level, we detected differences in diet composition between herdsZgeoela that eve
statistically signif i cralpteconparisonSheBo.nf er r on i
Baxter herd consumed 6% lagsopyroap.(P < 0.002and 6% mor€ercocargps
(p<0.002}than the Sawmill Canyon herd. There was also no difference in the number of
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genera consumed between h@?ds0.31) The only nomativegeneran the
microhistological analysis \Beemuspp. and there was no difference inaheunt of

Bromuspp. in fecal pellets from the Mt. Baxter and Sawmill CanyonRer@s3Q).

Visibility

Horizontal visibilityvas 96 greatein burned tAn unburned sites at 5m and féatein

burned than unburnedesat 15mbased on linear modekdictions (Table-@).

Horizontal visibility was also driven by elevation and the quadratic of terrain ruggedness.

The quadratic of terrain ruggedness indicates high visibility at areas with low ruggedness (e.g.

flat areas) and also high ruggednessl{#s).

Discussion
Biomass ofreervegetation olierra bighorn winter rangessresilienandrebouned
quickly from fire. Withi@ years post fire there was no differengedarforage biomass
between burned and unburned areas. Changes in foragengasgion were longer
lasting, however figer 2 yearsforbs dominated burned areas and shrubs dominated
unburned areashis shift in forage class composition may translataghier sailability
of high qualityorage in burns because forbs tend to have a higher forage quality than shrubs
(Table 24), which is further supported by the high level of forbs in the diet of Sierra bighorn
with more access to burned arééthin speies, crude protein wa% higher in burned
areas at high elevations, although there was no difference in crude protein at low elevations
and no difference in IVDMDn addition to changes in the forage quality of individual
forage species, the forageigualithin each bite can be affected by the forage growth
pattern. A bite that consists of only new growth will have higher forage quality than a bite
that has a combination of old and new gr¢Wilims and McLean 1978}though we
were unable to quantify it, we dibervehat lurning mayaveincreasgaccess to new
growth especially perennial bungmassesvhich we would expect would further increase
forage qualityThis may also have increased the quality of available forageatttmurghk
it did not translate into any difference in fecal nitrogen (but see beloigd¢assion on
ourfecal nitrogenesulty. The greater visibility in burned areayg aisdvave made them
more appealing for Sierra bighorn because visibility is thought to decrease predation risk
(Geist 1971)
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Our datgorovide somsupportfor the postfire nutrient flush hypothesis
(Christensen 1973, Boerner 1982, Knapp 1985, Tracy and McNaughtoiel997)
documented an avera@$éincrease in crude protein within species at higher elevations that
lasted foR years. In the serarid forests of the eastern Sierra Nevada specificallyh®re is t
dominant mechanism removmgogenfrom the soi(Johnson et al. 199Bperner(1982)
found that plants in oligotrophic systems like ours, tend to hialyedegeloped
mechanisms for postfire nutrient conservalibis. flow of soihitrogenmay have been
picked up by plants and increased their protein levels immediately after fire with no parallel
change in digestibility or phenolddyis may have occudrenly at higher elevations
because nutrient rich ash was blown awayniiane exposeldwer elevations.
Alternatively, its possible that our method of measuring phenology resultggarla
error. We measured greenup based on the flowering daeraiftaeget species but it can
also be measured in terms of sprouting or leafing out. In a studyfioé pegfetation
changes, Peek e{E.79¥ound Agropyrap. initiated growtbarlier, but flowered at the
same time in burned and unburned sifgghenology was advanced in burned sites, we
would expect crude protein to be lower because crude protein decreases witlj\fdant age
Soest 1994kor this reason it is unlikely the increased crude protein in the burn was driven
by phenologyand a nutrient flush is the more likely explanftiancreased crude protein.
Despite increased forb composition, Mt. Baxter fecal pellets had indistinguishable
fecalnitrogenvalues compared with the Sawmill Canyon lrecdl nitrogen has been
alternatively prais€édeslie and Starkey 1987, Wehausen 1992, Blanchard et al. 2003, Leslie
et al. 200&ndcriticizedHobbs 1987as a measure of forage quality. Blanchar(?é08).
provides the strongest eviderhat fecal nitrogen can sometimes be a surrogate for
nutritional quality in their long term study of bighorn sheep in Alberta, Covaelzer,
even Blanchard et @2003gaution about the inappropriate use of fecal nitrogen, supporting
Hobbs3(1987)conclusion that it should not beed to compare between populations.
FurthermoreLeslie et a(1987)caution thafecal nitrogeshould only be used as a measure
of diet qualityvhen the following assumptions are met: no dramatic changes in the
consumption of secondary compounds andramatic changes in forage availability.
Secondarglantcompounds often increase fecal nitrogen because they make protein
inaccessible for herbivo(étbbs 1987, Robbins et al. 198Ag effect of secondary
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compoundss variabléLeslie et al. 200B)tin general make the link between fecal nitrogen
and diet quality less direCtearly the differences in foragentity andorage class
compositiorthat we quantifiedetween burned and unburrséiésviolatesmportant
assumptiosinecessary for fecal nitrogen to be a viable indicator of forageEuelity.
when ve partitionedour data tdest for difference just during teginning of winter when
we would expect overall forage crude protein to bpéowause there was very little new
growth availabjewe still found no significant differencéeical nitrogen between the Mt.
Baxter (67% burned) and Sawmill Canyon (11%d)umardd-or these reasons, we were
unableto address potential consequences of burns to nutrition using fecal nitrogen, although
the higher forb availabilityigher forbdiet compositiorand higher crude proteane
suggestive of potential bottarp rutritional benefits of fire for Sierra bighorn.

Our inferences atinited to theshorttermeffecs of fire on vegetatiowith the
weather conditions of 2008 and 2009. Weh#&l@@Pdocumented that temperature and
precipitation, particularly the date of the first soaking storm, were major drivers of Sierra
bighorn winter forage quality.arid regions, plant growth and rainfall are closely tied
(Beatley 196@)nd he importance of a soaking rain in desert plant germination is further
supported by an experimental study (Went IB#9)monthly precipitation and
temperatures during this study were loeg term averages based on records from the
National Climate Data Centbttp://www?7.ncdc.noaa.gov/CDO/cdo We would expect
there to be more forage in burned areas following a wet year and less forage in burned areas
following a dry yedn the aridSonoran desert, Marshall e(2005)ound rainfall was
positivelycorrelated with mule deer population treadd this was likely caused by the
positive relationship between ramd forage biomass. We expecirideced changes in
forage could also have population level impacts

While there are many studies éhx@minedegetation differences between burned
and unburned areas, #féects of fire omngulate demography aslestablished. Due to
the nature of fires and the |drigsparof large ungulates, much of the evidence linking
forage to demography is from artifiedgperimentadystems, anecdotal, theoretical, os lack
replication. Cook et @004 )were able to link forage quality to vital rates in an experimental
study on captive Rocky Mountain €&rfusanadensiad provide a mechanistic

understanding of how forage quality affects demogigtwere maintained on a low,
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medium or high aality diets for summer and aututimatimpacted calf arffémalesurvival
as well akmaleand yearling conception ratéswever, the application this research is
limited because Cook et(2D04)used experimental, captive fed elk and examined relatively
large changes in forage quality that might not be observed followsdgHinea Rocky
Mountain bighorn shedyerd in Coloradd/Nakelyr{1987provided anecdotal evidence
linking shrub and forest encroachment with decreasing growth and vital rates. Based on
theoretical understandings of forage dynamics(2Mid6developed mechanistic models
for free ranging ungul ates in Africads sav
resources and populations dynamics. In a derhagsyrdy on Rocky Mountain elk in
Yellowstone National Park, Taper and G@gad2uncovered evidencer fa slight
increase in elk populations in response to the 1988 fires yeaBs podire, however no
clear mechanism was elucidatetis single population case study

In addition to firanduced forage changes, d comprehensive understanding o
the effect of fire on Sierra bighptwo addition componentsesourceelectiorand
predationneed to be considered. Within the Mt. Baxter herd winter range, 33% did not
burn while 11% of the Sawmill Canyon herd winter range did burn h@bivatgelection
for either burned or unburned areas could have resulted in similar diets beByerdghe
despite the Seven Oaks Wildfimeaddition, without considering resource selection, we
wereunable to evaluate the relative importaht@agequantiy, forage qualignd
visibility changes for Sierra bighorn. For example, Van Dyke and ZA0&gbund elk
in Montana selected for increased forage production and nutriigreéos after
prescribed burning, but showed no selection after that time despite persistent changes in
community composition and vegetation structure. We evak@aieceaelection itChapter
3, incorporating the effect wildfire @nage and visibilitydludingseveratomponers of

predation risk

Management Implications
Further research should be directed at determining the durationfioé gbfcts and the
effect of burning in different seasons to provide management with recommendations for the
timing and interval of prescribed fifg®scribed fires are likely to be smaller in size, affect a
reduced proportion of winter ranges and be lower intensity and severity because of the
difference in timing of prescribaad natural fire3herefore, we @ect that many
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prescribed fires will have reduced effects on forage dynamics compared to wild fires.
However, if a prescribed burn is implemented in a way that mimics dinesguealt, the
results will likely be positive for Sierra bigfrom a nuttional perspectiv8urned areas

had greategreerforb biomass and increased horizontal visibilithin burned and

unburned gion pine sitewrhich are likely to be targeted with prescribed buwerfgund

no change in green biomass in the firstfgkawing fire N = 19,P = 0.37) but by the

second year pesildfire there was 5 times more new growth in burfied pine sitesx

= 22g/m?, N = 11)compared tainburnedifion pinesites & = 4g/m? N = 10).Sierra

bighorn withmore burned area availatd@sumed more forbs and although this did not
translate into increases in fed@bgen this may have be an inappropriate metric to
compare between herd&e found no difference in nortive plant biomass between

burned andinburned areas. We found no reasons not to move forward with a prescribed
fire progranfrom a nutritional pspective but we do recommend managers take advantage
of planned prescribed fires and implement a much stronger before, after, control, impact
stud/ design that includes vital rates to identify the effect of prescribed fire on Sierra bighorn

demography.
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Table 2 1. Coefficients for top predictive forage modetstaf new growtllry biomasggreenjor the winter range of Sierra Nevada
bighorn sheefOvis canadesigigajuring 2008 and 20@Aastern California

Greengrass Greenforb Greenshrub Total greenbiomass
Predictor Variable A p A p A p A P
Burn -1.4 <0.01 -0.4 0.08 -2.4 <0.00 -1.7 <0.01
Burn x Year 15 <0.01 11 <0.01 1.7 <0.1 1.8 <0.01
Year -0.2 0.2 0.6 <001 -0.5 <0.00 -0.2 0.02
Month -1.2 0.04 0.9 <001 1.3 <0.00 1.0 <0.01
Elevation 0.022 <0.01 -0.002 <0.01 0.01 0.03 -0.002 <0.01
Elevatior -0.000007 <0.01 -0.000003 0.02
Elevation x
Month 0.001 <0.01
SE Aspect 0.9 <0.01 0.4 0.01 0.5 <0.01
Waldy? 161 <0.01 534 <0.01 325 <0.01 673 <0.01
Within sample R 0.15 0.42 0.27 0.5
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Table 22. Biomassnodel estimates for pea&w growthdry biomas®f the Mt. Baxtef67% burnedand Sawmill Cany@¢hl1% burned)
winter ranges @ierra Nevada bighorn sh¢@pis canadesi€gd, eastern CalifornialheTotal category does not represent a separate

model but wasimply calculated by summing the forage classes.

2008 Winter Range (kg) 2009 Winter Range (kg) Average g/nf 2008 Average g/nf 2009

Baxter Sawmill Baxter Sawmill Baxter Sawmill Baxter Sawmill
Grass 32,851 68,503 75,225 72,400 1.3 2.4 2.9 2.5
Forb 91,668 86,146 586, 916 332,691 3.5 3 22.7 11.7
Shrub 223,220 908,834 123,948 365,158 8.6 31.8 4.8 12.8
Total 347,739 1,063,483 786,090 770,249 13.4 37.3 30.3 27.0
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Table 23. Mixed model results for crude protein and in vitro dry matter digestibility
(IVDMD) of forage fromSierra Nevada bighorn shg@pis canadesigisaginter ranges

in eastern Californwith generas a random effect. Crude protein followed expected trends
with burn status, elevation, year and month while no variables had statistically significant
coefficients for IVDMD.

Crude protein In vitro dry matter digestibility
Predictor variable A p A P
Burn 3.0(1.05) <0.01 2.7 (1.92) 0.165
Elevaton 3.2(1.06) <0.01 0.4 (1.92) 0.854
Year -2.5(1.09) <0.01 -1.2 (1.96) 0.165
Month -3.0(0.75) <0.01 -1.5(1.35) 0.265
Within Sample R 0.21 0.0015

Table 24. Forage quality characteristics on the winter range oNswadzbighorn

sheepQvis canadesigiga@ winter andpring of 2008 and 200fastern California

Crude protein IVDMD
Species Mean SE N Mean SE N
New Achnatherspp 16 1.3 3 53 2.3 3
Old Achnatherwspp. 5 1.1 20 43 11.7 20
Grass 15 72 33 55 12.3 33
Forb 20 72 36 75 10.6 36
Shrub 14 51 55 51 12.7 55
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Table 25. Multi-variate regression results for diet composition by forage class from

microhistological analysisSi¢rra Nevada bighorn sheg@pis canadesiggaéecal pellets

collected on winter ranges in 2008 and, 223%rn California

Grass Forb Shrub
Predictor Variables A p A p A p
Herd -0.1 0.002 -0.2 0.05 0.6 0.006
Herd X Year 0.1 0.03
Herd X Month 0.09 0.04 -0.2 0.009
Year -0.03 0.6
Month 0.03 0.3 0.02 0.6
Adjusted R 0.22 0.5 0.21

Table 2 6. Multi-variate regression results for horizontal visibility on the winter range of

Sierra Nevada bighorn shg@pis canadesigigaafter the Seven Oaks Wildfieastern

California
5m 15m
Predictor Variables A p A p
Burn 8.6 0.03 17 <0.01
Elevation -0.02 <0.01 -0.03 <0.01
Terrain Ruggednes -1700 0.1 -4840 <0.01
Terrain Ruggednés 82300 0.05 170700 <0.01
Aspect -30 <0.01 -5 <0.01
Adjusted R 0.38 0.45
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Figure 21. Sierra Nevada bighorn shg@pis canadesiggaavinter ranges for the Mt.

Baxter and Sawmill Canyon herds for the winters o8284F 2008, eastern California
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Figure 22. Forb biomass predictions for Sierra Nevada bighorn €hegpgnadensis ywimaer ranges in 2008 and 2009 in eastern
California. The forbiomass model was developed from vegetation measurements using a generalized linear model based on predictor

variables: elevation, aspect, land cover type, burn status and time.
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Figure2-3. Model predictionef green (new growtbjomass of each forage clagsurned and unburn&ierraNevada bighorn sheep
(Ovis canadensis pieméer ranges fd& years following a wildfire2007 in the Eastern Sierra Nevéatavation and aspect are held
constant athe mean values for the study aretal green biomass rebounded wighyears but forage class composition remained shrub

dominated in unburnedeasind forb dominated in burned areas.
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Figure 23. Continued

e)

50 -

40

G/ m?

G/ m?

2008

+Shrub

—@® DBurned

—@®— Unburned

March
2008
| Total Green

—-@® DBurned
—®— Unburned

April

G/ m?

G/ m?

18 -

16 -
|Shrub

14

12 -

10 -

30 4

25

20 -

15 -

10 -

2009

—@® DBurned

—®— Unburned

1 Total Green

March April May

2009

—-@® Burned [ )
s
—8— Unburned P s
March April May



Figure2- 4. Interaction between burn and elevation in forage specieSiémaiNevada
bighorn sheefOvis canadesigigpeastern CaliforniBata has been collapsed across
months and years and display includes 95% confidence intervals. In a mixed model format

with species as the random effect, this interaction is significaht\0ib2
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Figure2- 5. Fecal nitrgen results froi8ierra Nevada bighorn shé@pis canadesiegh
on winter ranges in tiigaster Sierra Nevadaalifornia. The overlap98%confidence

intervals indicates there is no statistically significant difference between burned and

unburned wter ranges.
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Appendix 2A

Table 2A 1.Microhistology results from Sierra Nevada bighorn sbeispg;anadesigigaén the Sawmill Canyon herd frignal pellets

collected on winter ranges in the eastern Sierra Nevada in 2008 and 2009.

Sawmill Canyon Herd 2008 2009
Genera February March April February March April Average
Achillea 1 0
Convolvulus 1 1 0
Galium 2 1 0
Geranium 1 0 0
Lupinus 1 0
Mentzelia 4 1 3 2 1
Penstemon 1 1 0
Phacelia 8 2 1 3 1 2 1
Phlox/Leptodactylon 3 2 1 3 3 1 4 2 1 1
Polygonum 1 0
Solidago 1 0
Mustard 1 1 0 0
Unknown Forb 1 3 3 4 1 1 2 1
Total Forbs 3 1 5 1 0 21 17 4 10 6 3 6
Agropyron 10 19 12 17 9 20 17 16 18 9 20 9 16 16 13 20 14
Bromus tectorum 1 1 0
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Bromus spp. 1 6 10 2 3 4 5 5 4 3 1 6 5 12
Elymus 1 2 1 2 4 3 1 1
Festuca T 7 7 0 1 9 1 2 4 2 2
Oryzopsis 5 11 5 4 1 2 1 6 6
Phleum 1
Poa 10 8 13 21 19 6 7 4 23 15 8 17 22 14 15 11
Sitanion 2
Stipa 20 18 17 21 15 19 16 23 27 16 25 19 21 18 15 17
Trisetum 4
Unknown Grass 1 1 3 4 1 3 1 1 1 1 3 3 2 1 1
Total Grassses 49 59 69 83 57 59 49 59 77 52 52 52 72 54 55 60
Carex 0O 0 0 oO 0O O 1 0 1 1 1 0 0 O 0 O

Arctostaphylos patula

stem 5
Artemisia tridentata lea 8 17 6 4 6 13 7 15 4 10 1 6 6
Artemisia tridentata ste| 1 1
Ceanothus cordulatus
leaf 2
Cercocarpus leaf 2 10 2 2 5 1 1
Chrysothamnus leaf 0 3 1 4 1
Ephedra 5 1 7 2 1 17 1 11 15 2 1 1
Eriogonum leaf 7 12 6 18 4 9 12 17 12 13
Eriogonum stem 1
Prunus stem
Psorothamnus (Dalea 1 1 1 1 1
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Purshia tridenta leaf 32 17 14 6 16 4 7 8 1 2 17 3 11 13 4 6 11 10 10

Rosa stem 1 0
Salix 1 0
Unknown Shrub leaf 1 1 1 1
Unknown Shrub stem 0 1 2 1 1 1 1 1 1 1 1
Total Shrubs 48 38 29 12 42 41 27 23 18 37 42 41 25 38 25 25 56 55 35
Misc 2 0 2 2 0 O 0 2 0 5 12 9 0 4 2
TOTAL 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Table 2A 2. Microhistology results from Sierra Nevada bighorn $hdeggnadensis sjarrdlee Mt. Baxter herd from fecal pellets

collected on winter ranges in the eastern Sierra Nevada in 2008 and 2009.

Mt Baxter Herd 2008 2009
Genera February March April  Februar March April Avg.
Achillea 11 1 0
Convolvulus 1 0
Equisetum 2 0
Erigeron 1 1 0
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Eriogonum
Galium
Haplopappus
Lupinus
Mentzelia
Monardella
Penstemon
Phacelia
Phlox/Leptodactylon
Polygonum
Rumex
Mustard
Unknown Forb

Total Forbs

Agropyron
Bromus spp.
Elymus

Festuca

2

14 12

1

23

37

14

10

43

1

10

25

10 39 11 46 33 30

2
3 1 1 3
1 1
1
3 01 10 0

12 20 42 17 55 38 33

4 4 2 1411 15 2

5 2 6 3 8 2
1 1
1 2 3 3



Oryzopsis
Poa
Sitanion
Stipa

Unknown Grass

Carex

Arctostaphylos patula lea
Arctostaphylos patula stel
Artemisia tridentata leaf
Artemisia tridentata stem
Ceanothus cordulatus le¢
Ceanothus cordulatus ste
Cercocarpus leaf
Cercocarpus stem
Chrysothamnus leaf

Ephedra

13 10

8

14 12 17

2 1

55 42 42

9 12 14

10 12

12

12

20

51

10

17

20

60

11

31

39

14

10 16

10 14

38 40

27 21

10 18

3 8 2
9 13 2 8
16 15 19 21
2 1 1
54 47 34 33
0 0 0 O
7 4 1
10 13 6
8 2
1 2
1 8 18 19
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21

64

10

29

13 12 10

17 5 5

4 1 3

60 32 47

0 0 O

23

1

32

11

15
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Eriogonum leaf 4 12 17 1 4 4 7 2

Eriogonum stem 5 2 0
Psorothamnus (Dalea) 1 3 2 1 1 1 0
Purshia tridenta leaf 9 8 2512 8 3 10 10 8 19 22 3 21 5 3 1 7 9
Purshia tridenta stem 1 3 0
Ribes stem 2 2 0
Rosa stem 4 1 1 0 2 2 1 1 1
Salix 1 0
Unknown Shrub leaf 1 1 3 1 2 1 0
Unknown Shrub stem 11 2 1 O 2 1 1 1 1 1 2 3 1

43 53 55 44 33 68 57 60 9 52 64 66 24 54 12 20 19 13 15 44 40

Miscellaneous 1 0 0 O 0O O 2 5 2 2 3 0 0 O 1

TOTAL 100100100100 100100100100 100100 100100 100100100100 99100100100 100
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CHAPTER 3: FORAGE-PREDATION TRADE -OFFSFOR SIERRA NEVADA
BIGHORN SHEEP FOLLOWING FIRE ON WINTER RANGES

Introduction

Animals select habitat based on the availability of resources and cordiitcbngfood
abundance, food quality, competition, predation, and w@attieswartharal Birch
1954) These factors often conflict with each other forcing animals to choose between food
and safetyperhaps the most common foraging decision anima(kifaaeand Dill 1990,
Lima 1998)For example, when food and predation are positoredyated, animals must
make tradeffs between foragirandavoiding predatiofLima and Dill 1990, Lima 1998)
Predation habeen recognized astrong evolutionary force that has resultédlitat
selection strategisminimizepredation riskLima and Dill 1990, Lima 1998) support
of the importance gdredatioAforagetradeoffs, many studies document animals foraging
on lower quality food to avoid areas of high pred@tmmmann et al. 1996, Bleich et al.
1997, Cowlishaw 1997, Creel et al. 2BAbpongPapio cynocephalus)uisiNasnibia
selectedreas witlhower forage qualignd low predation rigknd avoided areas with higher
forage qualitgndhigher predation rigkCowlistaw 1997)Similarly female desert bighorn
sheep@vis canadgririthe Mojave desert of California used areas of lower predator density
and lower forage quality than méBdsich et al. 1997Despite similar energetic needs,
Kohlmann et a]1996yeported that lactating Nubian il§€apra nubigmeth following
young avoided areas of high quality forage and higher predation risk compared to lactating
Nubian ibex that did not have young with tHeraddition,Creel et a[2005yeportedhat
elk (Cervusanadensenporally responded to changes in predation risk by {@dves
lupupby selecting for cover and redudiragr use of foragingabitatwhen wolves were
presentand this reduced overall energy in@keastianson and Creel 2010)

Habitatselectiorior risk and forages alsocontingent upon what is available
(Aebischer et al. 1993, Mysterud and Ims 1998, Heymann et.alh20dtgnge in a
consumed iatake rate witthe availability aesources described as th&inctional
respons¢Holling 1959)Holling (1959)demonstrated thamall mammadredation orpine
sawfly(Neodiprion sejtffdlowed a asymptotitype Il) functional response in relation to

prey availabilitfResearchetsaverecentlyexpanded theoncept ofunctional response
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morebroadly to encompaspatial habitagelection for resourc@dysterud and Ims 1998,
Beyer et al. 2010jysterud and Im$1998)documented decreasinfyinctionalresponsén
habitat selectidoy gray squirrelSciurus carolingtosiee availability of open field habitat
thathad highforage qualityGray squirrels strongly selected open fields when they were
limiting( O 10 % dbbt this switchdd o lavoidance as the availability of open fields
increased and forage was no longer linfMggterud and Ims 1998hus, aailability
determines which resources and condiimnmitingandmay have dramatic effect on
selectiorandthereforepredatioAforage tradeffs. For example, bighorn sheep often show
strong selectiofor mineral lickgHoll and Bleich 1987, Ayotte et al. 2008, Mincher et al.
2008)and this selection is driven by limited mineral avail&iliilabilityof resources
affects selection not only when a particular resource is raegjaignor temporal
changes in availability can also drive changes in selection. Nie[@@9@dacumented
seasonal changes in selediamed on seasmichanges in fooavailability for grizzly bears
(Ursus arcrdSimilarlywe might expect to see changes in resource selection after a
disturbance eventauses dramatic changes in resource availability.

Wildfire is an importamtcological disturbance that changes the availability of forage
resourcefor many wildlife speci@sisher and Wilkson 2005, Kennedy and Fontaine
2009) andespeciallfor ungulate¢Singer and Harter 1996, Sadat al. 2005Bighorn
sheemenerallgelect foburned areg®eCesare and Pletscher 2006, Bleich et al.[2308)
the mechanisms that drive bighorn to select burned habitat are not completely understood.
Seip and Bunndll985documentedhigher lamb/ewe ratios, lower lungworm counts,
greater horn growth in rams @.dallistipehgther f ec
used burned ranges. They attributed these advantages to increased winter forage biomass
(Seip and Bunnell 198Bjcreased fecal nitrogerbighorn sheep that foraged within burns
has also been attributechigher forage quality attainetbtigh a change in diet selection
for differen species within burned si(e®bbs and Spowart 198@gspiteincreases in
forage quantity or qualityburned areas, the net impact on herbivores nmegatve due
to increased predatidrpredators also select bugHgbblewhite et al. 2008Jternatively,
burnsmayhave a positive effemh ungulateby reducing cover anchproving predator
avoidanceVisibility is important for bighorn sheep because they rely -pneaiaiior

vigilance behavior and selgm¢n areas near esctgreain, which allows themdetect and
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flee from predator@Geist 1971, Berger 1978, Risenhoover and BaileyDE3Rke finding
no difference in forage between burned and unburne@siiesand Woodald 988)
foundRocky Mountain bighorn sheé€p ¢anadengseferred burned areas and speculated
thatit was because of higher visibilitycontrast, Lawren¢@966Yound an increased
number of predators in newly burnedsirethe Sierra Nevada foothalisd hypothesized
that predators were more successful in burned areas because cover wiecadiseed
burningaffectsforage quantity, forage qualfisedator resource selectimmg predator
avoidancgll of these factoshould be considered to determine the impact of fire.

In 2007, the seven oaks wildfitenedportions ofthewinter ranges d@he Mount
Baxter and Sawmill Canymerds ofendangered Sierra Nevada bighorn skeesierra;
hereafter Sierra bighomith potential positive and negative efféct8007 the entire
population of Sierra bighorn was estimaté85 femalefbased on summer madsight
estimates; Wehausen et al. 20@B8)a minimum count @&5ewes in th#t. Baxteland
Sawmill Canyon hewdnter rangesThe Mt. BaxterandSawmilCanyorherds haveplayed
a critical rolén restoring Sierra bighamtheir historic range becatisey havdéeen the
main source of animals for translocation throughout the Sierra.NXBoraman about the
possible ngative consequencedicé motivated this study aadr goal was to identify the
effect of fireon resaurce selection f@ndangere8ierrebighornwithin winter rangesve
considerethe effects of fire omeasures dbrage quantityoragequalityand predation
risk We accounted for predation risk by cougtamné congolibre main predator of Sierra
bighorn(U. S. Fish and Wildlife Service 200y )ncludingpatial measuretdistance to
escape terrain, visibility and a relative measure of couDapeseling on #spatial
distribution offorage angredatiorriskon the landscapege hypothesized that the pbist
shortterm reduction in forage (Chapter 2) could exacerbatedfweaizion tradeffs. In
areas Were forage and predation risk were correlategredicted Sierra bighorn would
minimize predation risk by reducing selection for fofagest these hypotheses
developed seasonal resource selection fun@dfianky et al. 2002; RS#st included
spatiotemporal vegetation mod€lkapter 2andspatiamodels of predation ri$ér Sierra
bighornfor 2 years followingwildfire We predictethere may be some threshofdorage
availabilitypelow whicHorage limitation results in strong positive selection for forage and

above wiich there would be no consistent selecTioa.effects of fire are particularly
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relevant because prescribed burning has been identified as a possible management action to
aid in Sierrdlevada bighorn sheegcoveryU. S. Fish and Wildlife Service 200f¢ goal

of prescribed burns is to increase open habitat and minimizeip&@inus monophylla
encroachment on winter ran@gsS. Fish and Wildlife Servie@?2) A natural wildfire
createdheopportunity to investigatke effect of fir@n Sierra bighorn resource selection

thatalso providginsight into theossibleeffect of future prescribed fires.

Study Area

Wefocusedon the winter ranges of tivt. BaxterandSawmillCanyon Sierra bighonerds
locatedn the eastern Sierra Nevadalifornidrom 1,4008 2,600m Figure2-1).Due to
the overlap in ranges between these herds and similar population trajectories, we consider
the Mt. Baxter and Savindanyon herds identified in the recovery {Jas. Fish and
Wildlife Service 200&$ the Baxter Sawmill herd hereafterter range consisted 2f
generavegetatiomommunitiespiiion woodlandsRinusnonophykasubset of thafion
juniper vegetation typandsagebrusiscrub (Artemesgpp) andopen talus fieldMunz
and Keck 1959, Welsmn 1980, Thorne et al. 20@9r study areelassifies as a high
desertthe nearest weather station in Independence, California ré8@naedofrain
equivalenprecipitatio from NovemberhroughMay of 2008 with average temperatures
of 10.7°Cand60mm or rain equivalent precipitatisom NovembethroughMay 200®
with average temperatures of 11.7°C (U.S. National Weather Service, Western Regional
Climate Centdrttp://wrcc.dri.edu/). The average vakfeom 20032010for November
through May (based on available data) was eflmeguivalent precipitation (min =
28mm, max = 139mm) and the average temperatfi€ (i3 = 10.7C, max = 12.TC).

In July 2007, tSeven Oaks wildfire burr@d 8 &f Mdividual Sierra bighorn
winter home rangesafige 83%,Table3-1).Based on extensive ground sampling, we
determined thaiver the study period, there were large wildfire induced changes in forage
availability (Clmaer 2). Vithin burned areas, toteerforage biomass was initially very
low, but rebounded to levels within unburned areas @ithars, although forage class
(grass, forb, and shrub) composition remained forb dominated in burned areas and shrub
domnated in unburned arebhile deefOdocoileus henigesthe dominantungulaten
thestudy areand the main predatof both mule degiPierce et al. 200dnd Sierra
bighorn(Wehausen 199%ps cougar$heminimumcount d Sierra bighoron the Baxter
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Sawmill winter rangeas35 females 2008 Wehausen et al. 20@8p46femalesn 2009
(Wehausen et al. 2009)

Methods

We quantified Sierra bighoasourceelection within winter rargfe.g.third
order, Johnson 198y the Mt. Baxter and Sawmill Canyon herds d2iagrs following
the Seven Oaks fitdohnsor(1980)dentifies four levels of habitat selectifst order is
the distribution of an animatcond order is the location of the home range, third order is
within home range use and fourth order is selection of indfedidems, e.g., plants for
ungulatesNe wee interested in third ordselectiorbecause our goal wagigiermine the
impactof the burnon individualén the vicinity of the buriWeassessed Sierra bighorn
resource selection using seasonal fmeee! resorce selection functio@®SF's, Manly et
al. 2002, Gillies et al. 200®&t incorporatedpatiotemporally dynanmeasures of forage
andspatial measuresmedation We created seasonal RSF models for winter and spring
for the first2 years after the Sev@aks WildfireWe d e f intexdeaslNovember 4
March 14 during which there was little new growtlbsgmioh@ asMarch 15 May 16
during which rast of thenew growth occurretVeended our study period btay 16
becausat this time most Sierra bighorn had left the winter range or were moving toward
lambing habitat.

R S F 6 sdewslepedssing global positioning system (GPS) alar(2 Televilt
Tellus Basiand2 ATSG211( from 15femalegone animal was-oellared}hat recorded
locations eveyhours(Table ). Collar fix rates averaged 89% and ranged frei@974.
These rates are high enough to avoidDbigsn 2003)although thereasstill a possibility
of type llerrors(Frair et al. 2004yemals were caught in October 2007 and 2008 using a
netgun fired from a helicopt@frausman et al. 198%)llowing a protocol appved by the
Institutional Animal Care and Use Committee (University of MoARGD&E AUP 02407)
with oversight from the California Department of Fish and Gabfe3). Variable capture
success and individual survival rates resulted in an unevenalistrilolatia over time
(Table3-2). In winter 2008 there were 4 GPS collared fematbs annter rangeind 3
GPS collared femalesspring 2008Table 2). Despite this limited sample siz008we
interpret these collars as representative of tladef@nmter range populatioecauséhe
averagéemale group siz#served in winter 2008 was Bl7(23 based on systematic
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population surveyahd the average number of collars per group waehis9ndicates that
each collarepresemdapproximatelyt individualsOur lowest sample size of 3 individuals
occurred in spring 2008, but after accounting for group size, these three individuals
represented@4%of theminimum count of 35 femal&y 2009 the sample size was
increased to 14 fermalin winter and 10 females in spring. After accounting for group size
(x =5.9, N = 24), our collared females in 2009 represented the entire winter range
populationWithin each season, the contributiopahts/individual varied from 24 to 495
due to ollar failure and mortalitpespite the challenges of achieving large sample sizes,
over the 2 years of the study we sampled an average of 22% of individuals.

We used eixedmodel desigwith individual as the random interdepccount
for individualanimals as the sample ((Gillies etal. 2006) RSF&6s use binary
regression to approximate the exponential RSF rfimdeison et al. 200&9sed on the
ratio of used to available resources to predict the relative probability of use as a function of
resourcefManly et al. 2002, Sappington et al. 20@5yuantified availalskEsourceby
generating 500 random points for each individual within their 95% fixed kernel home range,
usingthe reference smoothing factor in HRbdgers et al. 2007,
http://blue.lakeheadu.ca/hregnd all GPS use poirt2,600m élso the elevatidmit for
our forage models see Chagjeindividual winter home ranges averd@ini and
ranged from 2kfAto 26kni (Table3-1). The average percent of eadhterhome range that
burned wa%4% and ranged from O to 83% (T&klg.

Wedevelopedamilies ofesource selection functimodels to test our hypotheses

with the followingpriorframework

1) Base w(X) = expBX)
2) Burn w( x) B+BX)p (A
3) Forage w( x) F,+8BX)p ( A
4) Predation w( x) PPeAB ¢t AR+ BX)
5) Interaction w( x) FPexBRBAAF + AP+ A+ BX)
Where A = the sel (adeiawiabiisipredafion ik amcthes f or :

vectorBX represents important covariatde\ation, aspect and land cptlatwere
important tocontrol for, but didnot relateto our specific hypothesebhe base model

assumes Sierra bighorn ardfaoted by forage or predatidle added categoricéiurn
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covariatdo the base model to understand selection for bachalso mordetailed forage
and predation modsb represenmnore mechanistic models of Sibighornresource
selectionThe forage model family inclddelection fogualitythatwe represented tee

dry weights ofiew growth{hereafter greefgr grasses and foraadforage quantity which
we represented agtiiry weightotal biomassncluding old and new growth of all forage
classedhereatfter totasee below for description of forage mydais considered new
growthof grasses and forbs to be high quadibause they tend tolighin protein

content ad digestibilityTable 24;Van Soest 199Zhe predatiofiamily of models

included cougar use asoarelate fothe rate of encountésee predation risk sectlmeiow

for a descriptiorgandselection foproximity toescape terrain and visibility as correlates for
attack succesgsee predation risk modeling beldMgtested for théoragepredation trade

off with theinteractiormodel se(Hebblewhite and Merrill 2009Jithin eaclseason and
year we compared each family of models (e.g. base, burn, forage, priedatton
modelsusig Akai keds i fofsmalseanple sieed AIr Cct er Ammcher son
Burnham 2002p selecthe top modeléManly et al. 2002)e retained only significaRt (
00.05) and nouoollinear (|r] © 0.7Q variables of interest in our top mod€lensidering

our apriorimodelselectiorframeworkwe felt that top modelgould identify the most
important variables nesourceselectiorthat should be correlated wighative fitness

(Gaillard et al. 2010)/e compared c o e f f i c imedels etweeh seds@nda g e
years tdest for a functional response in resource selection for. fooagdidat¢he top
RSFmodel predictions, we usetbld cross validatiofBoyce et al. 2002)/e developed
models with 80% of the data, and withB8%b of use locatiorircom each indivical

(Koper and Manseau 2009 r model testing. We perfor med
analysis othe frequency of use across ten RSF bins of equal testehe predictive

capacity of top RSF models

ForageBiomassModel

Weused previoushjeveloped seasdyadredictive forage biomass models for the
study area based doublesamplingBonham 19893)f 69 siesthatwe revisited three
times a year f@years (Chapter.2)edevelopedpatiotempordbrage biomassodels

usinganegative binomiatixedmodel(StataCorp 200W)th site location as a random
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effect. Wepredicted forage biomass (g/mvith regression models of the following forage
componentsggreergrassgreerforbs,greershrubs and total biomg§hapter 2)Top
models were determined based combination of biological relevaacelAIC, as
recommendeldy Hosmer and Lemmesh@000)

We improved the predictive power ofstifgeviously developeggetation models
by including the normalized difference vegetation index (NDVI), a remotely sensed measure
of vegetation productivity (e greenne3svailable from the Moderate Resolution Imaging
Spectroradiometé@ODIS; Huete et al. 200at has beeauseful spatial predictor of
forage dynamider other ungulatgPettorelli et al. 2005; Appendix.FA9rage qualifpr
ungulatesan bechallengingp measure becausesita function oprotein content
digestibilityand biomas@/an Soest 1994, Barboza et al. 262@)evethere are some
general trends: forage qualibhdteto be greater in new growth because it has both higher
digestibility and higher proteindwithin new growtliorage quality tends lbe greatest in
forbs followed by grasd@sble 21; Van Soest 1994, Barboza et al. 20@&uaihg
selection fogreerforbsand grasseaestedhe importance of forage qualdympared to
selection for total biomass which tested Sierra bighorn selection for foragelguantity.
adition to univariate forage models,ailso consider@wn-linear functins ofgrass and
forb biomass in RSF models using quadratics Jxadmultiple forage effects (egrass

andforb models) when thievo were not highly correlated or confounding.

PredationRisk Modeling

To evaluate the role pfedation riskn Sierra bighorn resource selectimincluded

variables thatere hypothesized to fated to the encounter rateattack success of
cougarsBecause cougars are elusive animals, there is very little information on cougar attack
success. We assuntieatboth selection for escape terrain and visibility would rettacie
successe i ncl ude d (20lDdrougao kernet density lestirdddDE) as a

spatially explicit relative probabiityougar usdohnson teal.(2010ajlevelopedhe

KDE (Worton 1989)vith cougaiGPS collar data from Dember toApril of 2002 to 2009

(5673 locations collected on 4 and 8 hour cyDlat) vererestricted to represent prime

hunting hours from 1 hour pseinset to 1 hour pestinris€Pierce et al. 19%&)d

included only the first locationframc | ust er sé of nightti me | oca
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kill/feeding sitesJohnson et alJomson et al. 2010@alidated the KDE using the locations
of 52 outof-sample cougdilled Sierra bighoi(e.g., Hebblewhite and Merrill 200 He
Spearmands rank correlation between 5 equa
cougaikilled sheep within the same frequency bins waq® 8102054; Boyce et al. 2002)
indicatinghe KDE was a strong predictor of cougar predaisk We assumed the cougar
KDE represented thelative probability of being encountered by a hunting cadngzy

we call cougar use hereafikeistan and Boarman 2003, Hebblewhite et al.. 2U65)
includedgroundbasedspatialisibility model§previously developed@hapter 2; Table 2

4) anddistance to escape terrasna measure of attack suc€assvisibility models were
developed from ground estimates of visibility using the staff ball &hiod and Becker
2001)at 5m from a central point at 69 different locations. Spatially expli¢ts ofode
visibility were develedusinglinear regressiand topographic and landcover predictor
variables (Chapterable 24).Researchersporteddiffering results when correlating
bighornresourceselection with visibilifpeCesare and Pletscher 2006, Schroeder et al. In
Press)but in general bighorn are expected to select areas of high visibility so that they may
detect predato(&eist 1971, Risenhoover and Bailey 1@&5)ncluded selection for
proximity to escape terrain as an additcmmponent of attack succeSslection for

escape terrain is assumedet@ tiorm of aripredator behavior because surefooted bighorn
are able to escape from predators in steep and rockyGersait071, Valdez and

Krausman 1999)Ve used a geographic information syd&E&RI 2008jo calculate

distance to escape terrain frbdm resolution digital elevation models from the United
States Geological Survey National Elevation Dataset (http://nedvis¥gegdefined

escape terrams areagreater than 0.7 hectafeg., DeCesare andt&tber 2006)ith a

slope >60%e.g.,Smith et al. 1984¢Kinney et al. 20Q3h addition to univariate and
additive effects of the8eneasureof predation risk, we considered an interaction of
predator avoidance strategies@najar useexpecting that in areas of highigar use

Sierra bighorn wouktay closer to escape terrain and in areas of higher visaigych

year and season we compared models usiptpAl€termine the top predatibased

model.
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Forage Predation Trade-offs

We considered additive models of forage and predation @wssédle combinations of
significanforage and predation mod&\&e tested for forage predation tratfe by

including intaactions between cougar use &futage measurements (grass, forb and total
biomass) for eaglear andeasoio the base moddlhe existence of a trad# was
determined by th&gnificane(P < 0.05)of theinteractionsnd all significant interactions
were compared using AlG determinéhe most important forageedatiorinteractions
Finallywe compared the families of misdepresenting forage, predation, fepagéation
interactiongor each season and yesing AICto select the best overall model of Sierra
bighorn resource selection.

Functional Response

To assess the importancelsfnges iforage availabilign selection (e.gunctional

response)yve evaluated the magnitude of seledidiorageacross gradient of forage
availabilityBecause we were interestetthe functional responseadfailable forage, a

continuous variable, we had to modify the agbrMysterud and In($998)developed for
categorical variablé¥e usedoefficients for selectidrom RSF®f eachforage

componentdded to theasemodeland measured forage availability as the agérege
across each individual 8 s(Chamiem®Weusada ge based
s t u d destto festobdervedhresholds and regressiometermine the significzaof

observed pattesn

ResourceCovariates

Theburned and unburned designati@s determined using a polygon GIS
coverage developed by the US Forest Seswvieef§.fed.us/r5/rsl/clearinghougeMWe
reclassified the CALVEG regional dominaween(fs.fed.us/r5/rsl/clearinghouke
landcover classification into open and closed cpesriigcause we noted differences in
selection based on these categories in preliminary analyses. In addition to the explanatory
variables of highest interdsirhed forage availability, and predation risk) we included a
basic set of factors that haverbgigown in the literature to be important for bighorn sheep
resourceselectionThese covariates included tawver typexnd2 topographic features,

elevation and aspewftich we calculated from 10m resolution digital elevation models
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(http://ned.usgs.gov The quadratic of elevation was included to represent selection for
intermediatelevatios (Anderson and Burnham 200R)cCulough and Schneeda966)
documented Sierra bighorn selection for southern aspects in the winter. Following the
method outlined by Cushman and WgHd02)we transformed aspect to a more useful
continuous variable but modified it slightly by takingcthe (aspect +35) so that SSE had
a value of 1 and NNW had a valueldfecause iour study region slightly southeast is the
sunniest and warmest aspect. We included only variables that were not collinear or
confoundingHosmer and Lemeshow 2Q@D)r base model includedlyvariables that

maintained significance across seasons asd yea

Results
Sierra bighorn showed consistent selection for mid level elevations (represented in our
models by the qdeatic of eleation), southeast aspects, and selection fotaymEover
typesacross seasons and y€bable 33). These variables were included in all subsequent
models and with a few exceptions, selection for them remained consistent and significant
(Table ). In the first winter after the Seven Oaks wildfire, Sierra bighorn avoided burned
areadput byspring they showed no selection for burned areas and positive selection
throughout 2009-gure3-1). To determine thanderlying mechanisms drivihgs
avoidance and selection of burned areaequentiallgonsidered the roles of forage and

predationand finally assesggédatiofforagetradeoffs by Sierra bighorn

Forage Biomass Models

When we incorporated forage models into our base, mvedelind positive selectiby
Sierra bighorfor total foragdiomass in the winter of 20B8gure3-2 d). After winter of
2008, selection footal foragdiomass was insignificant or negative, indicating Sie
bighorn did not select for total fordgemass, and in spring of 2008y slightly avoided
total biomassselectiorncoefficientdor grasses and foria®re positive in winters of 2008
and 2009 and much smaller or not significant in spring of 2008 affei@0@3® a, h.

The strongest selection occurred in winter 2008 and the magnitude of selection was
strongest for forbs, followed by grasses) totabiomassKigure3-2). For winter 2008, the
top forage model was positive selection for both forbs and shrubs.ri€¢p28p8, thtop
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forage modekas avoidance of shrubbsboth winter and spring of 2009 the top forage
model included positive selectfor grasses and avoidancttafl biomass.

Predation Risk Models

We had mixed results in terms of resource selbgtiierra bighorn as a strategy to avoid
predationWhen we added visibility alone to our base model, we found either no preference
or avoidancef visibility Figure3-3). For distance to escape terrain we found consistent
avoidance of areas far from psd@rrair(which translatkinto positive selection to be near
escape terraifihe magnitude of selectifum escape terraimas stronger in winter

compared tgpringand strongest in the first winter after the Seven Oaks wildfire.
Unexpectedlyn univaiate analysiSjerra bighorn showed positive selectioodogar use

for the duration of the study with the exception of spring 2008 when thexakas
avoidanceHjgure3-3).The interaction betweeaugar usand visibility was significant
throughoutstudy period, howevemd followed an interesting pattivat partially explains

the unexpected pattern of Sierra bighorn selection for couf@guses-3). Sierra bighorn
selection for visibilitghanged from negative (avoidance) to positive i(s8leath

increasing cougar uddis shift fromavoidance teelection for visibility varied across

seasons, generally occurring at loaggar use springand at the highest levelooiugar

usein the winter of 200&{gure3-3). Interactions betweaelection for escape terrain and
cougar useerealsosignificantn winter 2008 and winter and spring of 2008reas with

low cougar useSierra bighorn were located farther from escape terrain than in areas of high
cougar uséFigure3-5).

Forage-Predation Tradeoff

Interactions between forage and predation were often sig({figarg %). In the top

model forwinter 2008Sierra bighorn selection fmugause interacted positively with
selection foforb biomasgFigure %3, indicating predatioAforage tradeff where Sierra
bighorn selected for forb biomass at the cost of being exposed to colgevissalize

this interactionwe dichotomized cougar uge imigh (>average available cougar use for
each season) and low (< averag#ade cougar use for each season) categories Figure 3
6). In areas of high cougar usevinter 2008Sierra bighorase was positively correlated

with green forb biomass while in areas of low coug&i@sa,bighorase had a slightly
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negative relamnship with green forb biomagsgure %Hg. The result of this selection was
that89% of Sierra bigprn use occurred in high cougar use.de&asg winter 2008]Jla
available points wittstimatedorb biomass 1gm? occurred iburnedareashat als had
high cougar us&he top model fogpring 2008howeverincludedinegative interaction
between cougar use and total bionfagare3-6b). Thus, in spring 2008jerra bighorn
was use was positively related to total biomass in areas of low cougar use and Sierra bighorn
use was negatively related to total biomass in areas of high cofgar ntesell}8% of
Sierra bighorn use occurring in areas of high amejaspring 2008The forage predation
interaction irwinter and spring 200@s similar to spring 20&erra bighorn tended to
useareas with high total biomass onlyresbeugar use was Igigure &b, ¢d). The
positive foragpredation interaction spring 2008 and winter and spring 2009 indicates
thatSierra bighorn did not have to tradieforageandpredation becau&gerra bighorn
there werareas on the landscape that had both high total biomass and low cogar use.
result of Sierra bigm selection mediated by a forpgeation interactiob4% of Sierra
bighorn use occred in areas of high cougar use for both winter and spring in 2009.
From a model selection perspectiverewasaconsistent trendf forage models
outperforminghe base model and predation models outperforming forage (hadkds3
2). Top models weralways interaction models timatuded foragpredation interactions
and selection to be near escape terrain that was modified by cotiartagenodel for
winter 2008ncluded positiveelection for forbs, grassesdan interaction between forbs
andcougawuse. This top model for winter 2@@idated wedlgainst random subsets of
withheld GPS locations,i t h a mean Sp efads on@gssvalsianof®dB&k f r om
(SD= 0.055) Thetop model for spring 20@8cludedoositive selectidior grassand
selection for total biomass that was modified by cougardwsdidatedvith a mean
Spear manods r an k. TefopwinteiQadd sprisgDnodets ADQI xR tfie)
same variablesasspring2008d v al i dated well with=mean Sg
0.01) and 0.98 (SP0.01) respectivelyable 33).

Functional Response

There was no evidence &erra bighorn selection fasssor forbswhenaverage new

growthbiomass was greater than 1 3fffigure 37a-b). When grass antbrb biomass was
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less than 1 g/Athere tended to be positive selection for grdSsese3-7a), althoughlue

to high varianceegression analysesmafividualelectia coefficients and foragpgomass

availability were not significant for g(Rss 0.39)and forls (P = 0.62) Howeverwheae

grass biomass wad g/m? 13 individuals selected positively for grass, 8 individuals

avoided grass, aBdvere indifferenfFigure 37a).Theseasonglopulation averaged values

of selection for grass using a mixed maeidlelthe individual as the random eff/eeteﬁbrass

=1.03x available grass gf/m 0.25 n  wi nt g 0.1 D dvdlgble dvass gim

0.27inpr i ng ,,2=0Mm08x avallablegrassgm 0. 63 i n w bodFt €1 200 ¢
0.03x available grass g7m 1.50 in spring 200Where forb biomass was 1 g/m* 16

individuals had positive selection for forb biomass and 7 avoideidhosiss and

individuals showed no selectibigure 37b) The population averaged values of selection

for forbs was positive when average forb biomass was & 1g//2.7,x available forb

gm?= 0.21 i n ,yi001xeavailabBl@i® §m’=A0. 69 in  s=pring 2
0.81x available forbg/f= 0. 19 i n wj,+0.80Bx agallabl®forb gifmd A

4.36 in spring 2009/ithin shrubsa regression model was significant and pdstween

selection for shrub biomaesd the availability of shrub biomass = P9 0.08)%fter

removing one outli€Figure 37c) The avoidance of shrubs decreastdincreasing shrub
biomassHowever ths pattern was not consistent actiosseasonal population averaged

models oSierra bighorn selection for shrub biomi&ss = 0.05x available shrub gfw

0.49 in wj,p06xavadlableshiubgks 2. 91 i n ,59P002ng 200:
x available shrubghs 0. 96 i n wj, p=t-G2x aadilalehnb gmh=dL..8 A

in spring 2009There waso obvious threshold apparent betwSanra bighorselection

for total biomass and availability and the regression was also insigificar@id, P =

0.74)

Discussion
Our results suggest tt&erra bighoreelection for green folbomassn burned areas
the first winter post wildfirmay havéncrease&ierra bighorexposurgo predation risk by
cougarsSierra bighorn avoided burned areas in winter 2008 and then shifted to selecting for
burned areas by winter 2009 when forage conditions had rebounded-{fiddoe/8ver

the impact of Sierra bighorn avoidance and selection for burned areas was not clear until we
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considered the wildfitaduced changes in foraDering winter 2008, thenty areas with

forb biomass > 1 g/dalso occurred in areas with high cougar use forcing Sierra bighorn to
choose between accessing high quality forage and minimizing overlap with cougars. Contrary
to our expectations, Sierra bighorn selected stronfyiybftwiomass and increased use of

areas with higher cougar use. For the rest of the study period, total biomass was distributed
across areas of low and high cougars use so Sierra bighorn were notfuwosd to

between forage and predation resultirgssdverlap beégn Sierra bighorn and cougars.

Sierra bighorehowed the strongesslection for grasses and forbs in winter 2008,
which may be a resultafunctional response in resource selection to the reduced forage
conditions caused by the wilgfin the first year podire individual based forage
availability wa4.8 g/nt in 2008 and 7.3 g/hn 2009(Table 31), nearly doubling between
the first and second years gost Whengrass and forb biomass \wanting, Sierra
bighorn showed strorsglectiorior it, compared to when forbs and grasses were abundant
and Sierra bighorn tended to use forbs and grasses in proportion to availability7{Figure 3
The functional response of Sierra bighorn to forage availability provides a potential
mecharsm to explaimvhy Sierra bighorn risked higher exposure to colaggasn access to
forb biomass during that first season-fiostvhen available biomass was at its lowest

While our forage models clearly captured general trends, which shoulthtansfer
reliable estimates of forage availability, our forage models may not have picked up on small
scale anomalies such as an ephemeral spring source or late snow patches that created
unexpected pockets of fordmemassSierra bighorn with access toghesdetected forage
pocketsvould appear to be avoiding predicted forage biowlash may explain some of
the variance in selection for forb and grass biomassignificant positive relationship
between shrub biomass and selection for shrubs wasatedxpspecially considering how
significant shrubs were in the diet (Chapter 2). When shrubs were less abundant or rare,
Sierra bighorn avoided shrubs, but when shrubs were abundant, Sierra bighorn did not go
out of their way to avoid them resultingsa that was equal to availability or selection near
zero. This functional response may have been driven by phenology. Shrubs may be avoided
early in the growing season when there is very little new shrub growth, but as the green
shrub biomass increasesrr@ibighorn start using shrubs in proportion to availability. These

results suggest shrubs are not a preferred forage species but they make up a significant part
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of the diet simply because they are so abundant. The lack of pattern between selection for
total biomass and its availability suggests total biomass was never a limiting factor.

We provide evidence that Sierra bighorn alteredelestion for escape terrain and
visibilitybased on cougar useareas with high cougar uSerra bighoratayed closer to
escape terrain (Figurd)Band in areas with higher visibility (Figt8e\8e found Sierra
bighorn selection fasisibility wasignificanpnlyafter including the interaction between
visibility anccougar usevhichmay explain whpreviaus studies have found variable results
for bighornselection of visibilifDeCesare and Pletscher 20@6)inter, Sierra bighorn
shifted selection for visibility at higher cougar use levels than in spring, and this occurred at
the greatest cougar use levels in winter 2008 (FB)urEng indicated that with increased
exposure to cougars, Sierra bighornhaag compromiseteir selection for visibility
when there was less available forage following witdédsition to selection for visibility,
Sierra bighorn may also be more vigilant in areas of high cotgapogeensate for
increased predationkigiochman and Kotlgd2007)doaimented increased vigilance with
distance to escape terrain in Nubian ibex and we expect this pattern would also be found in
Sierra bighoriHoweverwe were unable to consider the extent to which Sierra bighorn can
behaviorally control their risk of preda(Lima and Dill 1990pepending on the
effectiveness dfifferentantipredatory behavioignited forageonditionsn wintermay
have exposeSierra bighorto increased predatiddespite the potential population
implications of theg@edatioAforage interactions, we were unable to detect a change in
mortality rates withiour small sample of tipepulatio. In addition Wehaus€h996)
hypothesized that there could be negative population consequences if Sierra bighorn
akandon winter rang@s response to predatidife did not find any evidence supporting
abandonment of winter randégehausen 199@)response tocreasedverlap with
cougars in winter 2008l collaredemals that survived in 2008 returned to winter ranges
in 2009.

One limitation of our predation risk metrics was the abittyngder temporal
variation in cougar use becarsgas were not collared consistently over the study period.
According to the risk allocation hypothesis, we would expect temporal variation in predation
risk to effect behavigtima and Bednekoff 199Bpwever, because we focused on®nly

seasons and a restricted area, it is likely that the simple spatial distribution cougar use was
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correlated with perceived predation ¥gith wolves and elk in Yellowstone National Park,
Kauffman et al2007¥ound that despite changes in predator density, specific areas on the
landscape were consistently aseldunting grounds while other areas consistently provided
refuge. In our study area the assumption of consistent relativeupglorted by the
strongly significant interactions we saw between cougar sskeetioh for escape terrain
and visibilityFurthermore, Johnson et(@010aand othergKauffman et al. 2007,
Hebblewhite and Merrill 208und strong correlations between predator density and the
frequency of predatoaused mortalities, confirming that spatial patterns of predator density
can consistently reflect risk as peeceand realized by prey species.

Despite these potential limitations of our meastipgedatiorrisk, thestrongest
single factor driving Sierra bighorn resource selection was distance to escdpe terrain
univariate analysis it has the highestriRit alone accounts for 4 to 14 percent of the
variation in selection across seasons. Across all of our used locations, thestarerage d
escape terrain was dmax = 1099m)and the average distance to escape terrain available
was 39nfmax = 911mWithin RSF modelsekection for escape terrain reradin
consistentegardless of other varialdesl models andgith escape terraaways out
performedmodelsased offiorage or visibility. This strong selection for escape terrain is
consistent across nearly all studies of bighorn sheep and further supported by a physiological
studyby Stemg§1982)on bighorn sheep in Albertahere helocumented an exponential
increase in heart rates with distance to escape terrain.

All resourceselection studs should be interpreteautiously becauséthe
difficulties in defining availalbésourcesehavioral mechanisms of selection, and the
assumption that fitness equates to seldétadischer et al. 1993arshelis 2000, Beyer et
al. 2010)We defined availability to address the question of selection within the burn, but
this does not address the question of sheep that may have avoided returning to winter range
at the larger seasonal home rangke because of the burn. However, because we were
interested in providing management with information regarding the use of prescribed burns,
we felt this was the appropriate s€atam a behavioral perspective, Sierra bighorn
appeared to divide theime between three simple states: foraging, bedding, and Hhoving.
predation risk varies with behavioral state, this could be important to consider in future

researchPerhapshe most problematic aspectefourceelection studiesthe challenge
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